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Abstract 
The oxidation of the n=1 Ruddlesden-Popper phase, Sr2MnO3.5+x, where 0 ≤ x ≤ 0.5 has 
been investigated using a combination of in-situ diffraction techniques. In agreement with 
previous reports the room temperature structure of Sr2MnO3.5+x was determined to be 
monoclinic crystallising in space group P21/c. On heating in air the material undergoes rapid 
oxidation at a relatively modest temperature, ~275oC. The oxidation process is coincident 
with a significant change in the structure, with the material now adopting a tetragonal 
I4/mmm structure. In the oxygen deficient phase where x > 0 the Mn coordination is square 
pyramidal, with a sixth partially occupied oxygen position giving rise to octahedral 
coordination.  Oxidation of Sr2MnO3.5+x results in the filling of the partially occupied O4 
positions and a resulting increase in symmetry, with the Mn coordination now adopting solely 
a distorted octahedral environment. 
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1. Introduction 
With increasing awareness of the demand to reduce gaseous emissions, such as CO2, and 
to generate power with greater efficiency using non-fossil fuel resources, there has been 
increased interest in electrochemical technologies such as fuel cells, permeation 
membranes and electrolysers based on oxides with fast oxide ion conduction. Indeed the 
layered perovskites of the K2NiF4 type have proven to be among the most promising new 
materials developed.  As well as their applicability for electrochemical cells there are a 
number of other technology areas to which the K2NiF4 type oxides are suited.  
Oxides of the K2NiF4 structure type are of interest for a number of technological applications 
and as such many studies have investigated the magnetic, electronic and structural 
properties of a wide range of compositions over a large temperature range1-10. Much of the 
earlier work was concerned with the low temperature behaviour of the La2CuO411-13 and 
La2NiO414 materials and their potential use in superconducting applications. Further interest 
in this class of materials was generated by the discovery of colossal magnetoresistance in 
Mn based materials15, 16, and significant efforts were directed towards the development of a 
wide range of Mn based perovskites9, 15-17 including La-Sr-Mn-O, SrMnO3 and Sr2MnO4-d. 
Much of this effort has concentrated on the determination of the structural chemistry of these 
and related phases.   
Sr2MnO4-d has been determined by several authors to undergo phase transformations as the 
oxygen content varies, thus altering the Mn valence and hence the Mn-O bond lengths, as 
well as the electrical properties. It has been widely reported that Sr2MnO3.5 exists and will 
oxidise to a stoichiometry of Sr2MnO4, depending upon conditions18-21. Through substitution 
on the Sr site with La and careful control of the synthesis conditions an oxygen 
hyperstoichiometry of x = 0.27 can be achieved in the La1.2Sr0.8MnO4+x material22.  Initially it 
was reported that the Sr2MnO4-d materials adopted the tetragonal I4/mmm space group with 
a long c-axis23, but more recently Gillie et al19 refined the oxygen deficient materials within 
the P21/c monoclinic spacegroup, finding a statistically significant improvement in fit on 
adopting this model. 
Each of the studies outlined previously have focussed on discrete compositions and have 
not, as yet, investigated the oxidation of Sr2MnO3.5+x using in-situ characterisation 
techniques. One study has inferred oxidation behaviour from analysis of thermal expansion 
behaviour20, but no structural data was reported.  It is the intention of this study to detail the 
oxidation behaviour of Sr2MnO3.5+x using in-situ neutron diffraction techniques and to 
determine the temperature at which oxidation in air occurs. 
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2. Experimental 
Samples of composition Sr2MnO3±x were prepared using standard solid state synthesis 
techniques as previously suggested6, 19.  Stoichiometric quantities of SrCO3, (Alfa Aesar, 
99.999%) and MnO2 (Alfa Aesar, 99.999%) were intimately ground in an agate mortar and 
pestle under acetone and allowed to air dry. Powder samples were pressed into 10mm 
diameter disks and were then heated to 1300 oC under flowing Argon for a period of 12 hrs 
in alumina crucibles before cooling to ambient temperature (25 oC).  Samples were further 
reground and examined by powder X-ray diffraction (Phillips PW 1700 series diffractometer, 
Cu K radiation ( = 1.5409Å), Si single crystal secondary monochromator) to determine if 
single phase materials had formed and the heat treatment process repeated until a single 
phase was present. 
Preliminary in-situ X-ray powder diffraction data were collected on a Siemens D5000 
diffractometer using Cu K radiation with an Anton Paar high temperature stage. High 
resolution X-ray diffraction data were obtained for the as-prepared Sr2MnO3.5+x samples at 
room temperature on station 2.3 at the Daresbury Laboratory with a step size of 0.01 at a 
wavelength of 1.301Å. Powder neutron diffraction data were collected on the D2B beamline 
at the Institut Laue Laugevin (ILL), Grenoble, France, at a wavelength of 1.594 Å.  Samples 
(~3g) were contained in quartz ampoules open to a static air environment to ensure 
oxidation would occur. Full diffraction patterns (5-160o 2) over the temperature range 200 – 
375 oC on both heating and cooling were obtained. Data from the D2B beamline were 
recorded over a time period of 3 hours. Resulting diffraction patterns were refined with the 
Topas suite of software24 using the JEdit routines developed at the University of Durham25.  
A significant background was observed, originating from the quartz ampoule used to contain 
the sample in the neutron beamline. The background function used in each refinement was 
expanded to account for this. 
 
3. Results and Discussion 
From the synchrotron XRD data presented in Figure 1, it was clear that single phase 
material had successfully been produced through the solid state synthesis route which on 
initial inspection appeared to match the reported tetragonal structure of Sr2MnO423. Further 
investigation of this data using Rietveld refinement indicated that, rather than the tetragonal 
cell, a good fit to a monoclinic cell with a = 6.8541(2), b = 10.8113(3), c = 10.8142(3) Å and 
 = 113.25(4)o was achieved, in agreement with the parameters reported by Gillie et al19 
determined from a neutron diffraction study.  Preliminary examination of the in-situ X-ray 
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powder diffraction data indicated that significant changes in the lattice occurred on heating 
the as-prepared Sr2MnO3.5+x powders in air, Figure 2.  A shift of the Bragg peaks to higher 
angle is clear in the temperature window 28-348 oC but it is also evident that a considerable 
broadening of the peaks at high angle (> 65o 2occurs, accompanied by the development 
of peak asymmetry. Due to this significant broadening it was not possible to refine the X-ray 
data to a structural model and therefore ascertain whether a structural change was occurring 
or simply that the kinetics of the oxidation process were such that over the period of the 
diffraction measurement a number of variable stoichiometry phases were coexisting giving 
rise to variable lattice parameters which were averaged over the measurement time resulting 
in several overlapping peaks.  Evidently the incorporation of oxygen into the lattice is likely to 
be the source of these changes, but oxygen effects are difficult to determine from X-ray 
powder diffraction data.  
To attempt to resolve these issues neutron diffraction data were obtained as a function of 
temperature over a limited temperature range on the D2B high resolution beamline at the 
ILL. Initial inspection of the diffraction patterns obtained in a static air atmosphere at 
temperatures from 200 – 375 oC indicated no significant differences in the data, but on 
closer inspection there were clear differences in peak positions, intensities and shapes at 
higher angles, Figure 3.   Previous data reported by Gillie et al19 proposed a monoclinic unit 
cell for Sr2MnO3.5, rather than the more commonly suggested tetragonal I4/mmm model20.  In 
the current work we have used both models at all temperatures and find that, in agreement 
with the room temperature structure proposed by Gillie, the data obtained at 207 oC is 
indeed monoclinic with the P21/c space group identified for the room temperature data and 
cell parameters of a = 6.8657(2), b = 10.8319(5), c = 10.8384(5) Å and  = 113.283(4). A 
typical fitted powder pattern is displayed in Figure 4 with the refined data displayed in Table 
1. In the refinement, as discussed previously19, certain isotropic temperature factors have 
been fixed to a slight positive value as these positions had a tendency to refine to 
meaningless values. This may be partially attributed to a distorted environment around the 
Mn1 position due to the incomplete occupancy of the O4 position. 
On heating it was observed that the material underwent a significant oxidation process, 
leading to a clear shift in peak position to higher angles.  These observations indicated that 
the oxidised phase was structurally similar to the reduced material and that there were no 
significant structural changes occurring on heating. Therefore the cell expansion would be 
due directly to the incorporation of oxygen species. Through repeated refinements to both 
proposed tetragonal and monoclinic unit cells it has been determined that the unit cell under 
goes a structural modification from the monoclinic P21/c to the tetragonal I4/mmm cell on 
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heating, with associated oxidation of the Mn species from Mn3+ to Mn4+.  Currently it is 
unclear at precisely which temperature the transition takes place, but it appears to evolve 
over a wide temperature range and thus is clearly a complex process involving the gradual 
filling of the vacant oxygen lattice sites. However it is clear that this oxidation process does 
not occur homogeneously throughout the sample and hence a phase mixture results. It is 
evident that the onset of the oxidation is approximately 275oC and that the phase 
transformation associated with the oxidation is complete on cooling from 375oC. From the 
data obtained it is possible to fit to the monoclinic cell at temperatures below 325oC, 
however at this temperature the powder pattern appears to have an intermediate character 
between the low temperature reduced monoclinic and higher temperature oxidised 
tetragonal structures. This observation is clear in Figure 5 where the peaks at between 130 
and 135o 2 are “smeared”, with the broadening due either to a new phase or a combination 
of several structurally similar, but with potentially different oxygen stoichiometry, phases. It is 
feasible that this may be due to a mixture of tetragonal and monoclinic phases but 
refinements of this mixture were unsuccessful. This indicates that the phase mixture is more 
complex than initial inspection indicates. Unfortunately the data collection time required for 
these samples with the D2B diffractometer was not sufficient to fully resolve these features.  
At temperatures above 325oC the data refines well to the tetragonal structure with no 
improvement in the fitting parameters on refining the data to the monoclinic cell. On cooling 
from 375oC to room temperature after oxidation the material remains tetragonal in structure 
adopting the I4/mmm spacegroup, Figure 6 and Table 2, and therefore the oxidation process 
is not, under static air, reversible. 
From the refinements we calculate that the oxygen stoichiometry of the as-prepared 
(reduced) materials at 207oC is d = 3.61 (where d = total oxygen content) which increases 
steadily with heating until a final stoichiometry of d = 3.96 is achieved at 375oC. Further 
heating beyond 375oC may induce an increase in oxygen content but it is clear from 
examination of Figure 8 that there is no further structural change associated with heating 
beyond 375oC.  On cooling there is no further significant oxidation and no evidence of 
reversibility. This oxidation process is clearly illustrated in Figure 7. Oxidation of the 
Sr2MnO3+x phases upon heating in air is not unexpected and the data reported here confirm 
the oxidation process. However the nature of the oxidation is of interest and it is clearly not a 
simple process. From Figure 9 an obvious broadening of the peak at ~ 69o 2 is observed at 
between 325 and 375oC on heating, and significant asymmetry is present, indicating that 
more than one phase could be present, although refining these data has proved virtually 
impossible. 
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The data for the reduced phase of Sr2MnO3+x clearly demonstrates that a monoclinic 
structure is maintained on heating in air until at least 275oC at which point oxidation is 
initiated, with the calculated lattice parameters given in Table 3.  On heating above the 
oxidation onset temperature and on further cooling, the tetragonal structure and increased 
oxygen content is maintained. These structural transitions are governed by the change in the 
valence of the Mn3+ species to the Mn4+ species and the associated filling of the partially 
occupied O4 position on oxidation.    
Changes in the coordination environment are clear from a consideration of the bond 
distances for the two structures. Tables 4 and 5 present these data for three samples: 325oC 
on heating (tetragonal refinement), 275oC on cooling (tetragonal) and 207oC on heating 
(monoclinic) showing that the calculated bond lengths for the monoclinic sample at 207oC 
are in good agreement with those previously reported19 for room temperature 
measurements.  It is of interest to note that the coordination of the monoclinic sample, Table 
4, is effectively Mn-O5 with the oxidation filling the partially occupied 6th oxygen position. It is 
also clear that the Mn-O environments are only fractionally non-octahedral, with most bonds 
~1.95Å. The bonds that vary significantly from this are Mn1-O4 (2.10Å), Mn2-O4 (1.80Å) 
which are both associated with the partially occupied oxygen site, and the Mn2-O2 bond 
(1.74 Å). On transition to the tetragonal polymorph the coordination environment becomes a 
distorted octahedron, with two long Mn-O apical bonds at ~1.95Å and with four equatorial 
bonds of ~1.90Å. The distortion of the octahedral coordination is commonly observed in 
Ruddlesden-Popper type phases with variable valence B site cations, often attributed to 
Jahn-Teller distortion. In systems with Mn3+ cations Jahn-Teller distortion of the Mn-O6 
octahedra is highly likely. From Table 3 it is clear that on cooling there is a contraction of the 
Mn-O bonds in both apical and equatorial positions of the octahedra, as would be expected 
through thermal expansion/contraction, with the equatorial bond distances corresponding to 
the a lattice parameter.  Considering the ratio of the Mn-Oap/Mn-Oeq it is found that although 
the overall bond lengths decrease on cooling, the ratio also decreases, from 1.035 to 1.025, 
indicating that the MnO6 octahedron is becoming slightly less distorted.  This coincides with 
an increase in the average Mn valence from 3.40+ to 3.92+, calculated from the oxygen non-
stoichiometry, and hence a lowering of the Jahn-Teller distortion.   
The rapid oxidation of the Sr2MnO3.5+x phase indicates that the incorporation of oxygen is 
facile with the charge compensation maintained through the filling of vacant oxygen 
positions: 
2( )
12 22
x x
Mn O g Mn OMn V O Mn O
      
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and hence there is no significant change in the conduction properties of this material. 
However there have been reports of substituted phases such as Sr2-xLaxMnO4 being used for 
fuel cell electrodes26 and it is likely that the active surfaces are of significance in these 
applications.  
 
Conclusions 
Sr2MnO3.5+x phases have been prepared in their reduced (predominantly Mn3+) polymorph 
and the evolution of the structure on oxidation investigated using in-situ diffraction 
techniques. Oxidation is clearly a rapid process beginning at a relatively low temperature of 
275oC, and complete by 375oC. No major structural changes were observed, but a subtle 
phase evolution was identified through Rietveld refinement of neutron powder diffraction 
data. A monoclinic cell was fitted to the data obtained for the as-prepared material, with a 
transition to a tetragonal cell found at temperatures in excess of 275oC coincident with 
significant oxidation (Mn3+ to Mn4+). On achieving full oxidation the tetragonal phase was 
stabilised and no reversibility was observed. It was evident that the oxidation step was more 
rapid than that time resolution of the diffractometer and hence the surface incorporation of 
oxygen is a rapid process.   
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List of Figures 
 
Figure 1 – Room temperature powder synchrotron X-ray diffraction data recorded from as-
prepared Sr2MnO3.5+x at a wavelength of 1.301Å  highlighting the excellent data quality and 
single phase nature of the material. 
Figure 2 – In-situ powder x-ray diffraction data of Sr2MnO3.5+x recorded in static air over the 
temperature range 28-348oC. Clear broadening of the high angle peaks is observed at 
temperatures above 273oC. 
Figure 3 – Neutron powder diffraction data obtained as a function of temperature over the 
range 200 – 375 oC heating.  
Figure 4 - Rietveld refinement of Sr2MnO3.5+x data obtained at 275 oC in air (Rp = 3.51, Rwp = 
4.53) and.  Background is due to quartz ampoule.. 
Figure 5 – High angle “snapshot” of the neutron powder diffraction data highlighting the 
change in the peak positions associated with oxidation of Sr2MnO3.5+x. The main hkl indices 
are indicated for the I4/mmm phase; several overlapping indices exist for the monoclinc 
phase and hence these indices are omitted for clarity. 
Figure 6 – Rietveld refinement of Sr2MnO3.5+x recorded in static air at (a) 275oC after cooling, 
(Rwp = 4.811 Rp =3.662) and (b) 325oC on cooling in air (Rwp = 4.683 Rp =3.538), both refined 
to the tetragonal I4/mmm cell 
Figure 7 - Variation of calculated oxygen content with temperature for Sr2MnO3.5+x, clearly 
illustrating increasing oxidation at temperatures above 200oC. 
Figure 8 – In-situ XRD data of the Sr2MnO4-d sample on heating from 25 to 500oC 
highlighting the structural change associated with oxidation occurring in the 275-375oC 
temperature window. Data recorded every 25oC. 
Figure 9 – Neutron powder diffraction data as a function of temperature for the Sr2MnO3.5+x 
composition highlighting the broadening of the diffraction peaks on increasing temperature 
(oxidation). The main hkl indices are indicated for the I4/mmm phase; several overlapping 
indices exist for the monoclinc phase and hence these indices are omitted for clarity.  
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Table 1 – Atomic positions of monoclinic Sr2MnO3.5+d recorded at 207oC. Note Beq fixed for Mn1, O2 
and O4. Fractional occupancies were initially refined and found to be unity. Subsequent refinements 
used fixed values to limit the number of free parameters. 
 
 
Table 2 – Refined atomic positions for the tetragonal modification of Sr2MnO3.5+x on (a) heating to 
325oC and (b) cooling to 275 oC 
 
 
 
 
 
Sr2MnO3.5+x at 325oC on heating
Atom x y z occ. Beq
Sr 0 0 0.3554(3) 1 0.84(8)
Mn 0 0 0 1 0.40(13)
O1 0 0.5 0 0.85(1) 1.22(11)
O2 0 0 0.1574(4) 1 0.85(9)
Sr2MnO3.5+x at 275oC on cooling
Atom x y z occ. Beq
Sr 0 0 0.3554(2) 1 0.84(3)
Mn 0 0 0 1 0.32(7)
O1 0 0.5 0 0.98(1) 0.77(4)
O2 0 0 0.1555(2) 1 0.80(4)
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Table 3 – Refined lattice parameters for all samples recorded as a function of temperature. Note 
e.s.d. values are higher for those samples around the transition region.  Angles for the tetragonal 
phases are all 90o and hence not included in the table. 
 
Table 4 – Bond lengths for tetragonal composition at 325oC and 275oC (cooling) respectively 
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Table 5 – Bond distances for the monoclinic structure determined from Rietveld refinement of data 
recorded at 207oC. 
 
 
 










